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mitirme y aśı poder continuar mi formación en un campo apasionante.
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Encapsulamiento de Hemoglobina porcina como fuente
de oxigenación en ingenieŕıa de tejidos
En la presente tesis de máster, se ha perseguido obtener un sistema de oxi-
genación para ingenieŕıa de tejidos, mediante la encapsulación de hemoglobina
porcina. Para ello diferentes métodos de śıntesis de encapsulación han sido
llevados a cabo caracterizando y analizando los resultados obtenidos.
En primer lugar se encapsulo hemoglobina siguiendo la técnica de doble
emulsión-evaporación del disolvente siguiendo dos protocolos diferentes, se
obtuvieron nano part́ıculas de entre 40 y 200nm aproximadamente con re-
sultados de eficiencia de encapsulamiento y carga del principio activo razon-
ables. A continuación, se optimizo y se sintetizaron microcapsulas por medio
de electrospray con un tamaño aproximado de una micra, pero su compleja
recolección y los pobres valores de encapsulamiento y oxigenación hacen que
no sea una opción demasiado viable. Finalmente se obtuvieron micropartic-
ulas por medio de microreactores, con tamaños desde 3 micras hasta 200 y
con valores de oxigenacion no demasiado significantes.
El diseño de un protocolo adecuado para poder cuantificar la hemoglobina
después de las diversas śıntesis y aśı poder establecer las eficiencia de encap-
sulamiento y de carga también ha sido objeto de desarrollo en el presente
trabajo, aśı como una sencilla prueba de oxigenación, donde se comprobó que
las part́ıculas creadas por doble emulsión, y en menor mediada, las creadas
por microreactores conservan parte de la funcionalidad de la hemoglobina
para oxigenar, haciéndolas candidatas para un mayor estudio y posible im-




Porcine Hemoglobin Encapsulation as an oxygenation
carrier in tissue engineering
Creating artificial blood is one of the demands that the research world
is trying to meet, both to cover the lack of blood transfusions and to im-
prove the drawbacks they present, these are the reasons why oxygenation
systems have been created based on the encapsulation of hemoglobin as ar-
tificial oxygenation systems known as Hemoglobin Based Oxygen Carriers
(HBOC), these demands for oxygen systems also exist in other fields such
as tissue engineering or organ transplantation maintenance, in this master
thesis hemoglobin is encapsulated by different techniques to achieve a viable
and functional oxygen transport system that can serve as a source of oxy-
genation in tissue engineering.
For this purpose, the double emulsion evaporation of the solvent encap-
sulation technique was used to obtain nanoparticles with sizes from approxi-
mately 40 to 200nm and acceptable encapsulation and loading values. Elec-
trospray was another of the techniques used; after a process of optimization
to find the optimal conditions, particles of approximately a micrometer quite
homogeneous were obtained. However the difficulty in the collection and
synthesis make its viability difficult as a system for large-scale production.
Finally, microparticles were produced using microreactors, particles smaller
than 42 micrometers, were the most frequent particles produced.
A simple oximetry test revealed that at least the nanoparticles generated
by double emulsion evaporation of the solvent and via microreactors maintain
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Oxygen (O2) is an essential element for most living organisms to maintain
their biological activities [3]. In humans and mammals, the main responsible
protein for O2 delivery from the lungs to rest of tissues, is hemoglobin (Hb)
[4]. The adult hemoglobin molecule (HbA) comprises four folded polypeptide
chains (two alpha and two beta), each of which has a porphyrin heme group
attached [5]. At the center of each of the four heme groups is an atom of
iron in the ferrous (Fe2+) state. These four iron atoms are the functional
centers of the hemoglobin molecule because it is here that oxygen reversibly
binds to form oxyhemoglobin, that is the protein state responsible for tissue
oxygenation [6]. Hb is found inside red blood cells and its structure and
configuration can be seen in Fig 1.1.
Figure 1.1: Structure and configuration of hemoglobin [1]
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Oxygen binds to the ferrous haem group of Hb cooperatively, thus, the affinity
that Hb has for oxygen is principally dependant on the local partial pressure
of oxygen (pO2), and this affinity increases as a function of saturation fol-
lowing a sigmoidal curve with an approximate partial pressure of 26 mmHg
for the 50% of saturation level. pH, temperature, or organic phosphates are
also significant. [6, 7]. Fig. 1.2
Figure 1.2: Saturation oxygen curve [2]
Thus, maintaining appropriate levels of Hb in the organism is important and
indispensable for homeostasis. Hb deficiencies can cause various pathologies
and difficulties in the oxygenation of the organism. However, there are some
cases where Hb concentration drops to a lower level that may alter various
biological activities, for example, severe injuries, car accidents, or surgical
procedures produce Hb levels falls, in these cases, a blood transfusion is the
only solution for re-establishing the appropriate levels [8]. Thus, there is a
high demand for blood transfusion, but transfusions resources are limited and
have some disadvantages, such as blood-type mismatching, special condition
storage, infections caused by the presence of pathogens, and short stabil-
ity [9–11]. Consequently it seems logical to find a solution, in order to solve
these disadvantages.
A possible solution could be to use directly Hb as oxygen carrier but cell-free
Hb cannot be used as a blood substitute due to its short circulation time,
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toxicity, and high oncotic pressure [12]. To overcome these problems, at-
tempts have been made to develop various types of oxygen deliver systems
known as Hemoglobin-Based Oxygen Carriers (HBOCs). HBOCs are derived
from outdated human or mammal blood as a source of Hb. [13,14]. Predom-
inantly try to mimic the RBCs, introducing native or modified Hb inside of a
capsule (nanocapsules or microcapsules) imitating the membrane of the cells
and avoiding toxicity of cell-free Hb. [15–19]. Although HBOCs solve almost
all of the problems of blood transfusions, as availability, lack of infections,
long-term storage or universal compatibility [14,20], they also have some side
effects, some of the most important will be discussed next.
When cell free Hb is released into the blood circulation, the tetramer struc-
ture of Hb spontaneously dissociates into two dimer configurations (alpha
and beta) which leads to several side effects, whereas, inside the RBCs, the
concentration of dimers is practically insignificant [16]. Dimers have a low
molecular weight, approximately 32kDa, due to their size glomerular filtra-
tion occur causing nephrotoxicity [21]. The dimer haem iron is oxidized,
more easily than in the tetramer, from Fe2+ to Fe3+ forming methemoglobin
(MetHb) which is unable to bind oxygen. In addition, the formation of
MetHb generates reactive oxygen and nitrogen species that can cause oxida-
tive damage [7]. Whereas Hb inside of RBCs is protected against oxidation,
moreover the presence of reductase system keeps MetHb levels very low. An-
other side effect reported in practically all of the studies is an increase of
blood pressure due to scavenge of nitric oxide (NO), an important molecule
that regulates the vascular tone. Dimers extravasate vascular walls and in-
teract with NO, generating a vasoconstriction [7, 11, 14], thus increasing the
molecular size of Hb in order to avoid this extravasation is one of the most
used strategies to prevent hypertension. Keep Hb in its tetramer structure,
not in dimers, avoids extravasation across vessels and kidneys, and provides
a protective environment that limits the oxidation to MetHb and reduces the
formation of potentially toxic oxidative products are the primordial aims of
HBOCs design. Therefore, it seems logical that encapsulating Hb could be
an optimal solution for solving these drawbacks.
During the present project, porcine Hb has been encapsulated by means of
three procedures: via double emulsion evaporation of the solvent encapsu-
lation technique, via electrospray and via microreactors. Each method of
encapsulation will be described in depth in the next chapter. In all of them
the polymer used was Poly(Lactic-Co-Glycolic Acid) (PLGA-COOH), which
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was chosen due to its mechanical characteristics, biodegradation, and easy
of use. In any case, it should be taken into account, that the main purpose
of this master thesis will be to develop a viable and functional Hb encapsu-
lation technique with a suitable particle size to try to avoid the absorption
of particles by macrophages or other types of cells when this oxygenation
system is used in tissue engineering. According to some studies, an optimal
size, to avoid the particles internalization inside the cells would be between
70 and 200nm [2,16]. On the other hand, if we want to imitate the behavior
and characteristics of red blood cells, micrometric capsules would be the most
appropriate. Therefore, particles between 70 and 200nm or with micrometric





Table 2.1 shows all reagents used during the present master thesis.
Reagent Company
Acetic acid (99,98%) Panreac
Acetone Panreac
Dichloromethane (DCM) (99,98%) Fisher Scientific
Dimethylformamide (DMF) (99,94%) Fisher Scientific
Dimethyl sulfoxide (DMSO) Sigma Aldrich
Ethyl acetate (99,5%) Sigma-Aldrich
Hemoglobin porcine lyophilized powder Sigma-Aldrich
Heptane (99%) Acros Organics
Hydrochloric acid (37%) Acros Organics
Iron standard for AAS Fluka Analytical
Nitric acid (65%) Panreac
Nitrile acetate Panreac
PLGA, Poly(D,L-lactide-co-glycolide) Sigma-Aldrich
Poly(ethylene glycol) methyl ether-block-poly(L-lactide-co-glycolide) Sigma-Aldrich
Polyvinyl alcohol (PVA) Sigma-Aldrich
Sodium collate BioXtri
Tetrahydrofuran (THF) (99%) Honeywell
Table 2.1: List of chemical reagents used.
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In table 2.2 the equipment used during this research work is shown.
Equipment Model Company
Atmosbag glove Z530204-1E Sigma Aldrich




Multi-stirrer plate MIX 6 2mag magnetic e motion
Oximeter Orion Star A323 Thermo Scientific
Syringe Pump PHD ULTRA Harvard Apparatus
Sonicator Sonifier 450 Branson Digital
Spectrophotometer UV-Vis V-670 JASCO
Table 2.2: List of equipment used.
2.2 Double emulsion synthesis
The double emulsion evaporation of the solvent technique is used for the en-
capsulation of hydrophilic bioactive agents such as proteins, peptides, etc. It
is a process consisting of the formation of a first emulsion (W1/O) between
an organic phase containing the polymer and an aqueous phase containing
the active principle. Subsequently, the emulsion formed, which contains the
polymer and the active principle, is collected in an aqueous phase containing
a surfactant that stabilizes the microparticles to form the second emulsion
(W1/O/W2). Finally, the organic solvent evaporates, obtaining micro or
nano particles loaded with our active principle [22] Fig. 2.1.
In our case Hb was encapsulated into the polymer PLGA-COOH following
the protocol detailed below, which has been previously optimized for the
production of polymeric particles in the group of Nanoporous Particles and
Films (NFP) where part of this master thesis has been carried out.
• Dissolve 50mg of PLGA-COOH in 1ml of ethyl acetate.
• Dissolve 0.5mg Hb in 50ul of water Mili-Q.
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• Mix both solutions in an ice bath and sonicate during 15 seconds with
an amplitud of 30%.
• Add 2ml of 1% (w/v) sodium colate to Mili-Q water and sonicate in
ice bath. Amplitude 30%, for 15 seconds.
• Add 10ml of 0.3% (w/v) sodium colate in Mili-Q water.
• Evaporate the solvent (ethyl acetate) by agitation. For 3 hours at
600rpm.
• Wash with Mili-Q water.
• Store in cold storage
Figure 2.1: Double emulsion-evaporation of the solvent diagram
(W1/O/W2).
In this protocol of double emulsion evaporation of the solvent some variables
can be changed to get more drug encapsulation. The details of this scaled
protocol are defined below.
• Dissolve 150mg of PLGA-COOH in 3ml of ethyl acetate.
• Dissolve 10mg Hb in 1ml of water Mili-Q.
• Mix both solutions sonicating in an ice bath with a 40% amplitude in
the sonicator for 20 seconds.
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• Add 8ml of 1% (w/v) sodium colate to Mili-Q water and sonicate in
ice bath. Amplitude 40%, for 40 seconds.
• Add 12ml of 0.3% (w/v) sodium colate in Mili-Q water.
• Evaporate the solvent (ethyl acetate) by agitation. For 3 hours at
600rpm.
• Wash with Mili- Q water.
• Store in cold storage
Both protocols were used in Hb encapsulation. The results will be discussed
in the following chapter.
2.3 Electrospray
Although the most commonly used and known term for this type of tech-
nique is electrospinning, in our case the appropriate term is electrospray,
since electrospinning refers to the generation of nano or micro fibers, and
for our application, we want to generate particles, therefore the appropriate
word is electrospray. This technique consists of the synthesis of particles by
means of electrostatic repulsion forces that exceed the weak forces of surface
tension of the liquid that forms the suspensions of our polymer together with
the active principle. After the electrospray process, dry particles of nano-
metric or micrometric size are obtained, charged with the drug, in our case
Hb [23].
In this method of encapsulation, there are multiple factors that can cause
the results obtained to vary drastically, some of these parameters are the
following:
• Flow rate: knowing this parameter of the method allows prediction
of the behavior that the material will have in determining particle size.
In our synthesis the established flow rate was 0.5ml/h. A low flow to
encourage solvent volatility.
8
• Collector distance: to control particles size and uniformity, the effec-
tive evaporation of the solvent must be taken into account, and this will
depend on the collector distance and the evaporation rate of solvent. A
distance of 30cm was chosen due to previous experience with this type
of synthesis as well as to favour the evaporation of the solvent.
• Electric potential: this parameter is critical for the correct encapsu-
lation procedure, because it affects the size and form of the droplets. A
potential of sufficient electric charge can overcome the surface tension
of polymer solution to produce micro or nano particles.
• Polymer/Hb relation: the relationship between polymer and protein
will affect several factors such as: viscosity, electrical conductivity or
surface tension, very important parameters in particle synthesis.
A theoretical diagram of this technique, as well as the current system used
during the present thesis are shown in Fig. 2.2.
In order to obtain optimal encapsulation results by electrospray, different
electric potential and polymer/Hb relation values were tested. The different
tests carried out are summarized in Table 2.3. It should be taken into ac-
count that the voltage values listed in this table correspond to the negative
voltage (collector) and the positive voltage (high voltage supplier).
Samples Polymer/Hb (wt/wt) relation Voltage [Kv]
Sample 1 100:1(1%) -3/+9,5
Sample 2 100:1(1%) -3/+13
Sample 3 100:1,25(1,25%) -3/+13
Sample 4 100:1,5(1,5%) -3/+13
Sample 5 50:1(2%) -3/+13
Table 2.3: Optimization of electrospray encapsulation.
The polymer used (PLGA-COOH) was dissolved in dimethylformamide (DMF)
(with a 10% w/v ratio) while Hb is found as an aqueous solution. There-
fore, in order to have both reagents in the same solution, both solutions were
added and by means of mechanical agitation at 750rpm overnight in the cold-
storage room, a stable emulsion is formed, which will be the product used
in the electrospray. To confirm that with this emulsion, Hb has not been
9
(a) Electrospray theoretical diagram [24]
(b) Real electrospray system used
Figure 2.2: Electrospray Diagrams.
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denatured or lost its properties we will test this emulsion in the spectropho-
tometer, as can be seen in Fig. 2.3, the solution of Hb and polymer has a
peak similar (Fig. 2.3b) to Hb in the aqueous solution (Fig. 2.3a).
(a) Hb solution (b) Emulsion of Hb with dissolved polymer
Figure 2.3: Hb spectophotometry
2.4 Sysnthesis via Microreactors
In this case by means of this method particles of micrometric size will be
generated. The microreactor consists of two coaxial capillaries, the internal
capillary is made of PEEK and has a dimension of 150 micrometers. The
external capillary is made of PTFE and has a dimension of 0.03 inches (ap-
proximately 760 micrometers) for each capillary we will have a solution. On
the one hand, the organic solution with polymer and Hb dissolved in the
organic solvent, in our case dichloromethane (DCM)(internal capillary), and
on the other hand the aqueous phase formed by water with Polyvinyl alcohol
(PVA)(1%w/v)(external capillary), both flows will be made to pass through
a microreactor generating small particles that will be collected and after the
evaporation of the solvent, the desired particles will be obtained.
In the Fig.2.4 it is possible to observe the system assembly with the two flows
and the microreactor.
First tests were performed without Hb to establish the appropiate encapsu-
lation system. Thus, the first tests were carried out with the following char-
acteristics. For the organic phase, 10 mg of polymer (PLGA-COOH) were
added per milliliter of solvent (DCM) with a flow rate of 0.5ml/h. While
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Figure 2.4: Microreactor system
in the aqueous phase PVA (1% w/v) was added with a flow rate of 5ml/h.
Obtaining microparticles, whose results will be discussed in the next chapter.
Once the system was stabilized to form microparticles, Hb was added to the
organic phase. By agitation of the solvent, polymer and Hb at a temperature
of 4oC for 12h a stable emulsion (Oil/Water) was obtained for the synthesis
via microreactors. This is the same procedure used for electrospray synthesis.
A 5% of Hb was added in relation to the polymer, that is, 0.5mg of Hb per
milliliter of solvent.
2.5 Encapsulation efficiency detection method
When a drug, protein, etc. is encapsulated, one of the most important factors
that must be known is encapsulation efficiency (EE%), which refers to the
amount of active principle that has been encapsulated with respect to the
initial amount of the principle before synthesis. Normally in the NFP group,
where part of this master thesis has been carried out, the following steps are
followed to quantify the EE%: once the nanoparticles have been obtained, an
organic solvent is added to break down the particles and dissolve the polymer
and the drug, then some compound is added for changing the polarity of
the solution, such as methanol, making the polymer precipitate to be able
to eliminate it, finally the amount of the active principle is quantified by
spectrophotometry. In our case, this method of analysis cannot be used,
because by adding any organic solvent we denature the protein and the signal
in spectrophotometry is not valid for its measurement.
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Therefore, in order to measure the EE%, a new method of detection had to
be implemented, for this purpose, one of the essential characteristics of Hb
will be used, and it is the presence of four heme groups with one Fe group
each one of them. Thus, if we can measure the presence of these Fe groups,
we can know the amount of Hb present in the solution. To do this we followed
the next process. Once the nanoparticles have been synthesized, an organic
solvent is added that dissolves the polymer but does not dissolve our protein,
in this case we do not care if the solvent denatured Hb, since we will measure
the amount of Fe not the spectrophotometry signal. To find the appropriate
organic solvent, a battery of solubility tests were performed among some of
the most used organic solvents. (Table 2.4).
Reagent Polymer solubility Hb solubility
Acetic acid Yes Yes
Acetone Yes Partially
Dichloromethane (DCM) Yes Partially
Dimethylformamide (DMF) Yes No
Dimethyl sulfoxide (DMSO) Yes Yes
Ethyl acetate Yes Partially
Heptane No Partially
Nitrile acetate Yes Partially
Tetrahydrofuran (THF) Yes Partially
Table 2.4: Solubility tests
Finally DMF was chosen, because this solvent dissolves the polymer but not
Hb, so by means of centrifugation, Hb can be collected. Once we have the Hb
pellet, 15% of acid (regious water or acetic acid) will be added to make the
iron free in the solution and can be measured by microwave plasma atomic
emission spectroscopy. Once the concentration of iron is known, the amount
of Hb can be calculated.
2.6 Oxygenation test
Perhaps the most important test in order to validate this thesis is to verify
that the encapsulated Hb is functional and able to bind oxygen, since this
is the main purpose of this study. A simple test was performed to validate
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whether the particles can actually oxygenate. The test was carried out fol-
lowing these steps: first argon was introduced into water samples to displace
the oxygen content and get a sample practically deoxygenated, later pure Hb,
particles designed through different types of synthesis and water as a control,
was added to desoxygenated water samples and with the help of an oximeter
the amount of oxygen was measured. In any case, all of the measures were
carried out in an inert nitrogen atmosphere in order to the oxygen in the
air not affect the results obtained, for this a closed bag that only contained
nitrogen was used (Fig. 2.5).






The following results are related to the double emulsion evaporation of the
solvent encapsulation technique following standard protocol, results of scaled
synthesis will be discussed in the next section, both procedures were described
previously. Size and shape will be studied using images taken by scanning
electron microscopy (SEM). It will also study its polydispersity representing
its sizes histogram. Finally, the EE% and drug loading will be analyzed fol-
lowing the technique described in the previous chapter.
In the Fig. 3.1 it is possible to appreciate the nanoparticles created by three
different replicas. It can be observed, at a glance, that the particle sizes
range are from approximately 30nm to 150nm, although there are some ex-
ceptions. This synthesis shows a greater than expected polydispersity, this
can be caused by wear or malfunction of the homogenizer, which is a deter-
minant factor in this type of synthesis.
It can also be seen how the nanoparticles have approximately spherical shape.
The average particle size and its standard deviation are shown in Table 3.1.
An average size of approximately 100nm was obtained with a standard devi-
ation of about 35.
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(a) Double emulsion, SEM image.
Sample 1
(b) Double emulsion, SEM image.
Sample 2
(c) Double emulsion, SEM image. Sam-
ple 3
Figure 3.1: SEM images of the three samples using standard double emulsion
technique
Samples Average size[nm] Standard Deviation
Sample 1 104,94 44,41
Sample 2 96,3 32,67
Sample 3 97,34 32,25
Table 3.1: Size average and standard deviation of double emulsion nanopar-
ticles synthesis
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By observing size hisstograms (Fig. 3.2), the polydispersity of nanoparticles
is confirmed, having a wide range of sizes although the size range between
approximately 60 and 120nm is the most frequent.
(a) Size histogram. Sample 1 (b) Size histogram. Sample 2
(c) Size histogram. Sample 3
Figure 3.2: Size histograms of standard double emulsion synthesis
After performing numerous Hb measurements at known concentration values,
an error of approximately 30% in the measure was detected, this loss of
measurement can be due to the impurities of Hb, or the incomplete separation
of Fe groups from Hb. Therefore, to the values obtained from EE%, 30% was
added to compensate this error in the measurement (EE% correction). This
procedure was just used to obtain an approximation of the efficiency and
load values. Further studies to eliminate this deficiency must be carried out.
Samples EE% EE% (correction) Drug Loading((wt%) )
Sample 1 22,34 32,39 5,71
Sample 2 27,43 39,77 4,63
Sample 3 29,72 43,09 5,13
Average 26,5 38,42 5,16
Satandard deviation 3,78 5,48 0,54
Table 3.2: Double emulsion size average and standard deviation
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On the other hand, drug loading is a parameter that represents the amount
of total entrapped drug, in our case Hb, divided by the total nanoparticle
weight. It is used to know the total amount of active principle delivered
when a known amount of nanoparticles is released. In this case the values of
loading are acceptable, since it is difficult to get values higher than 10% [25].
3.1.2 Scaled protocol
Below are the results for the synthesis of nanoparticles via double emulsion
evaporation of the solvent but following the scaled protocol, which is usually
used to try to introduce more active principle into the particles, effect that
we will check later. As before, the images collected through SEM (Fig. 3.3)
will be used to know the size and shape of the nanoparticles obtained.
(a) Double Emuslsion. Sample 1 (b) Double Emuslsion. Sample 2
(c) Double Emuslsion. Sample 3
Figure 3.3: SEM images of the three samples using scaled double emulsion
technique
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In this case it seems that the particle size has been reduced a little, a fact that
is confirmed by the results listed in the Table 3.3 where it can be observed
how the average size is 60nm with a standard deviation of approximately 25.
Samples Average size[nm] Standard Deviation
Sample 1 59,70 24,08
Sample 2 58,14 25,93
Sample 3 62,964 28,91
Table 3.3: Scaled double emulsion size average and standard deviation
Histograms show polydispersity, being the size range of 40 to 80nm is the
most frequent.
(a) Double Emuslsion. Sample 1 (b) Double Emuslsion. Sample 2
(c) Double Emuslsion. Sample 3
Figure 3.4: Size histograms of Double Emulsion synthesis
Finally, we analyzed the results of EE% and drug loading. As previously
mentioned, this scaled technique is often used to trap more compound inside
the particles. If we observe the Table 3.4 it can be reported that with this
protocol the EE% and drug loading has increased.
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Samples EE% EE% (correction) Drug loading (wt%)
Sample 1 40,01 57,99 7,46
Sample 2 36,20 52,51 6,76
Sample 3 34,35 48,76 7,01
Average 36,88 53,08 7,07
Satandard deviation 2,91 4,65 0,35
Table 3.4: Double emulsion size average and standard deviation
3.1.3 Synthesis using PLGA-PEG
In order to obtain a greater circulation time and biocompatibility, it was
attempted to synthesize nanoparticles via double emulsion evaporation of
the solvent but using PLGA-PEG as polymer, instead of PLGA-COOH, a
replication with each protocol was carried out, however no particles were ob-
tained. In the Fig. 3.5 it can be appreciated how neither with the standard
protocol nor with the scaled one the objective was achieved. These negative
results may be due to the fact that procedures used in this synthesis were
optimized for PLGA, not PLGA-PEG, therefore no particles formation or en-
capsulation has taken place, if we want to obtain positive results we should
carry out an optimization, checking different solvents, surfactants, etc.
(a) Standard double emulsion using
PLGA-PEG as polymer
(b) Scaled double emulsion using
PLGA-PEG as polymer
Figure 3.5: Double emulsion synthesis using PLGA-PEG as polymer
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3.2 Electrospray
The results of the images taken by SEM from the different tests can be seen
in Fig. 3.6.
(a) Conditions 1 (b) Conditions 2
(c) Conditions 3 (d) Conditions 4
(e) Conditions 5
Figure 3.6: SEM images of different electrospraay tests.
As can be seen from the different conditions analyzed, images with conditions
2 and 4 appear to be the most viable options because with these conditions,
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particles obtained present more stable and homogeneous size and the lowest
standard deviation. Analyzing the results in detail (Table 3.5) and making
the size histograms (Fig. 3.7) to check the polydispersity, it seems that the
best option is condition 4, because it presents less polydispersity and less
standard deviation. Thus these were the conditions chosen for the encapsu-
lation procedure.
COnditions Size average[um] Standard deviation
Conditions 1 1,15 0,57
Conditions 2 0,85 0,31
Conditions 3 0,97 0,53
Conditions 4 0,78 0,27
Conditions 5 0,84 0,35
Table 3.5: Size average and standard deviation of electrospray tests.
Samples EE% EE% (correction) Drug loading (wt%)
Sample 1 12,51 18,1 3,23
Sample 2 9,62 13,93 2,96
Sample 3 8,45 12,28 2,84
Average 10,18 14,73 3,01
Standard deviation 2,09 3,05 0,2
Table 3.6: Electrospray size average and standard deviation
As can be seen in the SEM images, the synthesis of nanoparticles via slectro-
spray at the chosen conditions presents a good size and shape homogeneity
(Fig. 3.8). However, the results obtained from EE% and drug loading are
poor (Table 3.6), this can be explained by the particles collection method,
since particles are collected in a metal paper surface. Later this collector
must be scraped to obtain the particles in aqueous solution and be able to
do the washing and analysis process. Throughout this process a lot of par-
ticles are lost. Moreover, during the synthesis part of nanoparticles is not
deposited in the collector. Therefore, EE% and drug loading values should
be taken carrefully, and knowing that factors previously exposed affect the
final results.
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(a) Size histogram. Conditions 1 (b) Size histogram. Conditions 2
(c) Size histogram. Conditions 3 (d) Size histogram. Conditions 4
(e) Size histogram. Conditions 5
Figure 3.7: Polidispersity histograms of different electrospray tests.
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(a) General electrospray SEM image (b) SEM image of electrospray synthe-
sis in detail
Figure 3.8: SEM images of electrospray synthesis at the conditios chosen
3.3 Microreactors
As can be appreciated in the images taken by microscope (Fig 3.9), Hb free
microparticles were generated with a large size range, from several microme-
ters to hundreds. Histogram was performed to check its polydispersity, being
microparticles smaller than 42 micrometers the most abundant in the sample
(Fig. 3.10).
Figure 3.9: Hb free microparticle generated by microreactors
While the results obtained with the charged particles are shown below. The
results in terms of size and shape were quite similar.
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Figure 3.10: Size histograms of microreactors synthesis
In the Fig. 3.11 it is possible to observe the microcapsules loading with Hb
created by microreactors, no significant differences with respect to the values
obtained with free Hb microparticles are observed. In terms of shape, rough
spheres are appreciated, characteristic of microparticles.
(a) Microsphere loading with Hb in detail (b) Microparticles loading with Hb. Gen-
eral overview
Figure 3.11: Microsphere via microreactors
3.4 Oxygenation test
The data for the oxygenation test are listed below. The main point of this
simple test was to prove that at least some of the Hb functionality is preserved
after encapsulation processes. According to the information collected, the
standard double emulsion synthesis seems to show a significant oxygenation
with respect to the sample with water used as a control, while in the results
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of electrospray synthesis there are hardly any significant differences with the
control sample, particles obtained via microreactor seems to preserve some
functionality, although deeper studies should be carried out. Finally all mea-
surements were taken at a homogeneous temperature of approximately 21oC.
Samples Hb pure Double Emulsion Electrospray Microreactors H2O
Sample 1 2,13 1,65 1,32 1,26 1,18
Sample 2 2,34 1,56 1,14 1,34 1,21
Sample 3 2,37 1,77 1,11 1,38 1,09
Average 2,28 1,67 1,19 1,33 1,16
SD 0,13 0,09 0,11 0,06 0,06
Table 3.7: Oxygenation test results [O2 mg/ml]
However, these results should be taken with some caution, as it is only a first
evidence that our particles can oxygenate the samples of deoxygenated wa-
ter, much deeper and more complex tests must be carried out to implement
this system in a real environment.
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Chapter 4
Conclusion ad future works
In this master’s thesis different encapsulation techniques have been used to
find a functional and useful method of oxygenation using Hb as an active
principle.
On the one hand, the synthesis of nanoparticles by means of double emulsion-
evaporation of the solvent presents reasonable values for both encapsula-
tion and drug loading, especially following the scaled method. In addition,
by means of the oxygenation test, it has been proved that some of the Hb
present remains functional. Its nanometric size (feasible to be trapped by
certain cells such as macrophages) and its polydispersity, perhaps are its
major disadvantages. However, its easy synthesis, and its reasonable results
make it a viable option.
On the other hand, the synthesis optimized by electrospray presents some
size and polydispersity results suitable for this application, although its dif-
ficulty in the collection and analysis of EE, besides the poor results obtained
in the oxygenation test, do not make it a very applicable option.
Finally, the synthesis of microparticles via microreactors seems to be a promis-
ing option both for their micrometric size (avoiding the inclusion of particles
in the cells) and for their continuous production avoiding possible discrepan-
cies in batch production. Although it should be taken into account that its
EE% and drug loading are not excessively good. In addition, the oxygena-
tion values were worse than the ones obtained by double emulsion evapora-
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tion synthesis. More tests should be carried out to optimize the process and
achieve better results.
Regarding the possible future works that could be carried out, continue work-
ing on the optimization of the synthesis of microparticles via microreactors
would be an excellent option.
Another future work would be to carry out deeper oxygenation tests in order
to know, for example, the saturation pressure of Hb. Testing the micro or
nano particles in cells to know the results in a real environment could be the
definitive evidence to implement these oxygenation systems.
Finally, another interesting work would be to introduce other molecules into
the particles such as the enzyme cytochrome b5 reductase, which is capable
of converting methemoglobin (an oxidized state of hemoglobin that is unable
to carry and deliver oxygen) into functional Hb again.
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